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Proposalfor attosecondlight pulsegenerationusinglaserinduced
multiple-harmonicconversionprocessesin raregases
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A newprincipleofattosecondlight pulsegenerationis suggested.Themethodis basedon aFouriersynthesisoflaserinduced
multipleharmonics,whichall areoscillatingwith thesamefixedphaseaspredictedandobservedrecentlyin raregases.According
to ourcalculationusingpublishedexperimentaldata,theproductionof aregularsequenceof —30—70asdurationlight pulsesis
expectedto berealizable.

Recentstudieson ultrashort-scalelight—matterin- In thisLetterwe describeanddetail our idea [1]
teractionshave stimulatedthe elaborationof new which may offer a far moresimplified solution re-
proceduresforproducingextremelyshortlight pulses. sulting in evenshorterpulse durations.This prin-

Themosteffectiveof theseproceduresis basedon ciple is basedon the multiple harmonicgeneration
the Fouriersynthesisof the equidistantcomponents of atoms[2,3] inducedby stronglaserpulses.After
of a given spectrumranget~wof a light emitting the first experimentalresults [2] used in our cal-
source.Thereforethe shortestachievablepulsedu- culation [1] further extendedexperimentalinves-
ration is determinedandlimited by the rathernar- tigations [5—7]andtheoreticalinterpretations[8—
rowopticalbandwidthof thesourceasiswell known 11] havebeenperformedfor the process,thetypical
for the mode-lockingtechniquesof different laser characteristicsof which are thefollowing (seealso
materials, reviews[12,13]). Whenatomicbeamsof noblegases

Consideringtheselimitations,insteadoftheuseof areilluminatedwith focussedNd laserpulsesof 30—
thesematerialswesuggestedpreviously [1] another 40 ps durationabove 1012 W/cm2 intensities,odd
tentativeapproachwhich may exploit the fact that harmonicphotons(nhcii, n= 3, 5, 7, ...) of the driv-
verywide optical spectraoccurin the casesof mul- ing laser(11w= 1.17eV) aregenerated.Accordingto
tiple harmonicgenerationofatoms[2,31 andwhich thetheory[8—11]at relativelyhigh (>1013W/cm2)
may thereforeresult in the occurrenceof a nearat- intensitiesthe interactionis no moreperturbative,
tosecondlight pulsesequence. thereforethe spectrumhasa specialform in which

Meanwhileref. [4] suggestedthat oscillationsof aftera rapiddecreaseat thefirst fewharmonicsthere
six equidistantfrequencies,which maybe produced is a longplateau,which mayextendup tohighn val-
by sum-andfrequency-mixingof light of two sepa- ues (e.g., n = 53 for Ne atoms [14]) with a sharp
ratecontinuouslasers,may furnishphasecontrolled cutoff, as has beenverified experimentally [2,5—
Fouriersynthesis(with bandwidth11i~w—~2 eV), i.e., 7,13,14].That is theplateauwhich servesfor thebase
shortpulsedurationsof < 1 fs. Therealizationof this of our idea.
principlerequiresa complexsystem,containingtwo According to the theoryandobservationsin this
simultaneouslyworking lasers,computercontrolled non-perturbativeregion [13]:
electronicsfor ensuringthephasestabilizations,dif- (1) All Fouriercomponentsareemittedfrom the
ferentnonlinearoptical elements,specialmechani- same(focal) regionandpropagatecollinearlyin the
cal stability,etc. samesinglebeam;
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(2) The theoriespredictthat the phasesof the
strictly equidistantstimulatedharmonicsare inher- 1(t) = -~-$ E2 (1) dt,
ently fixed in time,which factautomaticallyensures T
the fulfillment of the correctFouriersynthesis; the r pulsedurationbeingshorterthanthe laseros-

(3) The directional matchingof the harmonic cillation time T. Thereforewe simply calculatethe
componentsalongtheplateauissurprisinglygoodin resulting squaredfield strengthE2(t) which char-
thisstrongfield (non-perturbative)region. acterizeswell the instantaneousintensity (to which

Dueto the experimentallyfound approximatively squaredetectingprocessesaresensitive)at eachmo-
identical(n= 5) laserintensitydependenceorderof ment in time:
eachcomponentof the plateau,the shortenedpulse
durationsof the componentsare also roughly iden- 7 n~

tical andequalto half the laserpulse.Moreor less E2(t) =~ ~ E~cos(nwot))
thesameis truefor thefar field spatialprofilesofthe —

harmonics:theirpreponderantcentralpartscoincide To demonstratetheabovementionedprinciple, we
well and havethe same spot diameterand diver- calculatednumericallythe coherent(Fourier) sum
gencyvalues(much lessthan that of thelaser). of oddharmonicsto determinebothE(t) andE2( t)

Now, the overall effectivespectralbandwidth is for variousgases.
—~2Nw,whereN is the numberofodd harmonics Fromthe figuresofrefs. [2] and[14] wemay de-

of the plateauandN= n~,— n~,where n~andn~are termine the relativeelectric field amplitudesE~of
the first andlastcomponentof the plateau,respec- theplateauregions.Identicaltimeandspatialshapes
tively. Thereforethe expectedpulseduration after for the harmonicbeamsare assumed[131 andthe
the Fouriersynthesisis x—~1 /~w—1 /2Nw.Usingthe n-timeshigherphotonenergyof the nth harmonics
experimentalvalues[2] (co’~1.8x 10~ ~foraNd is takeninto account:E~c.~/L~~ wherei~is
laser,N 9 for xenon)a roughestimationimmedi- the intensity,andK~is the observednumberof pho-
atelygives r 30x l0’~s= 30 as.Theperiodof the tonsofthe nthharmonics,respectively.On the basis
inducingNdlaserlight being T= 2x/w, furthermore, of this considerationwe may computethe functions
theequidistantspacingbetweentheharmonicsbeing E( t) andE2(1). Forillustrativepurposesxenonwas
2w, the resultingbeamwill havea sequenceof light chosen(with the measuredplateaubetweenn~,= 5
peaksfollowing eachotherby a period~T. Themore andn~,= 21) asa typical example,the characteristic
precisecharacteristicsaspulseshapes,durations,etc., resultsof which are shown in fig. 1.
are computedbelow.Due to the interferenceof the Wecanseethattheresultinglight consistsof peaks
N roughly equalelectric field amplitudesE~,an N2 following eachotherwith period ~T. Theresulting
timesintensity increaseis expectedwith respectto pulsedurationr for E2 is about70 as. Eachpeakis
theintensity(.— E~)ofanindividualharmoniccorn- accompaniedby similarshort-durationwingsof 15%
ponentE~. heightrelativetothemainpeaks.Similarresultswere

Firstwecalculatetheresultingelectricfields values obtainedfor all noble gasesfrom the experiments
which are summarizedin table 1. We summarizein

E(t)— V E cos(nw t) table 1 thehalfwidths (FWHM) of theresultinglight
— flflp ° ‘ peaksin attosecondsboth for the simple caseE( t)

andfor the caseE2 (t). Theright columnshowsthe
wheren~w

0is the first andn~w0is the last (cutoff) increaseof the maximumvaluesof E
2with respect

spectralcomponentof the plateau.E~is the electric to those relatingto the individual multiharmonic
field of the oddnthcomponent(n= 1, 3, 5, ...). The components(E~).
E~valuesmaybedeterminedfrom theexperimental Theestimatedabsolutevalueofthepowerandlight
data[2,14], theseE~valuesarenotrigorouslyequal, intensityin eachoftheseshortlight pulsesis —, 10 W
buttheir valuesarevery close, and l0~W/cm2,respectively,usingthe experimen-

For the estimationof the intensity1(1) of such tal dataof refs. [2,14].
pulseswe cannotuseroutinelythe usualintensity As for theexperimentalrealization,wehaveto keep
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Xe [5—21] ref. [41 cannotbeappliedat all. On theotherhand,
40 the first few relativelystrongharmonics(including

(a) ~-~‘ - that of the laser) beforethe plateauregion might

20 100 •ttos6C completelymasktheobservationof the shortpulses
in questionproducedby theFouriersynthesisofonly

lii p~/‘ ,J~~\ i~ the plateaucomponents.Consequently,the suppres-

1 ° ~f ‘V ~J \r_ “~j sion or reductionof thesefirst few componentsis
V necessary.Thisreductionmayberealizeddueto the

-20 fortunate good phasematchingfound experimen-

tally [13,15] andtreatedwidely in theoreticalpa-
-40 pers [12,13], accordingto which the divergencies

O 0.5 1.0 1.5 2.0 andthespotsizesoftheplateauharmonicsareiden-
Time, t/T tical and much lower than those of the harmonics

‘~°° (b) beforetheplateau.Thereforeby insertingan appro-
priatediaphragmcombinationinto the beam, the
plateaucomponentspropagateunchanged,while the

1000 othershavinglargespot sizeswill be reducedin in-
tensityby a factor 10—100, equalizingat the same
time the valuesof all componentsfor the Fourier

500 synthesis.
It is clearthatafterpresentingthecomputedchar-

L ~ L ~L _______ acteristicof our suggestedprinciple, in a realexper-imentall parametersandconditions(choiceof gas,
0 0.5 1.0 1.5 2.0 focussingcontrol,spaceandtimeprofiles,etc.)have

Time, tI’T to be optimized.Slight modificationsof the pre-

Fig. 1. Theelectricfield strengthE( t) (a) andthesquareofthe sentedidealizedenvelopeE2(t) andr valuesareex-
electricfield strengthE2(t) (b) ofthelight beam,in whichhigh pectedfrom our moredetailedpreliminarycompu-
harmonicmodesarecoherentlysummarizedfrom the 5th up to tations to find theseoptimum values using more
the21stharmoniccomponent.The resultsareplotted fortwo f’i~~~ recenttheoreticalandexperimentalresults.
oscillationpenods(2T) of thebasicharmoniccomponenta~of , .

theNdlaserbeam(T= 3.53 fs). Thedetectionof this typeof light containinga se-
quenceof very sharppeakswith the repetitionfre-

Table 1 quencyof visible light necessitatesa completelynew
Resultingpulsedurationsand pulseheight increaseratios after methodfor observation.Dueto the extremelyshort
theFouriersynthesisof high harmoniccomponentsofthe pla- durationspresentedin table 1, this maypossiblybe
teauregionfor variousnoblegases.The first (no) andthelast realized only by atomic autocorrelation type
(ne)componentoftheplateauregionare~iVCfl methods.

2 In conclusion,we havedescribeda proposalfor
Gas n,, n~ r fromE(t) r fromE (t) Increase

(as) (as) ratio the production of near-attosecondduration light
(~E~)IE~ pulsesbasedon themultiple harmonicgenerationin

gases.From recentlypublishedtheoreticaland ex-
xenon 5 21 97 72 81
krypton 5 25 76 56 169 penmentaldataour computationsshow that from
argon 7 29 74 52 180 this interactionthe emissionof a sequenceof 30 as
neon 13 53 38 28 441 duration, 10~W/cm2 intensity pulsescanbe ex-

pectedandrealizedin a compactsimpleexperimen-
tal setupusingsingleNd laserpulses.

in mind two important facts.First, the pulsedhigh Finally we remark that the describedidea and
orderharmonicshaveveryshortwavelengths,there- techniqueseemstoberealizableinall nonlinearpro-
fore optical elementsandmanipulationsas usedin cesses,wherehigh harmonicgenerationtakesplace,
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